Abstract. The impact of the high-silicon aluminum alloy initial microstructure on the quality of the coating formed by microarc oxidation (MAO) has been studied. The MAO treatment is applied to AK12D samples in the initial coarse-grained state and after high pressure torsion. The following coating properties are studied: thickness, microhardness, porosity and corrosion resistance. It is established that the MAO layers properties depend on the base microstructure much. High pressure torsion applied to AK12D samples before MAO results in increase of the coating thickness by ∼ 2 times. The microhardness of coatings reduces and their corrosion resistance degrades by ∼ 10 times.
Introduction
The microarc oxidation (MAO) technique is one of the promising ways to form corrosion resistant coatings [1] . It enables expanding the application area of Al alloys in commercial production through formation of a modified surface layer of mainly high-strength oxides resistant to aggressive environment [2] .
Al alloys find more application in aircraft and engine building due to their availability and simplicity in processing [3, 4] . However, parts from Al alloys should possess not only definite strength properties but also high corrosion resistance for operation under such extreme conditions. Therefore, creation of the corrosion resistant surface on parts from Al alloys is a topical and complicated task.
The MAO essence is in migrating point microarc discharges taking place on the part surface under high voltage applied between the part in the electrolyte and the electrode [5] . As a result of these discharges the part surface layer transforms in the ceramic layer tightly bonded with the metal base. The quality and properties of the formed coating depend on different factors of the MAO: electrolyte composition, electrical regimes and processing duration [6] [7] [8] . The impact of these factors on the MAO layer properties has been studied well. One more important factor effecting the quality of the MAO layer is microstructure of the processed material.
It is known [9] that during the grain size change towards their reduction the volume characteristics of Al alloys such as strength, microhardness, etc change in a positive way. However, in modern scientific literature there is practically no information on quality and properties of MAO layers on Al alloys with ultrafinegrained (UFG) structure.
Thus, the aim of this work is the study of the initial microstructure effect on the structure and corrosion resistance of the oxide layer formed during MAO. In order to perform the studies on the samples with the base material structure, 3 samples with a diameter of 20 mm and 2 mm thick (group 1) are cut from a rod in the asreceived state.
In order to produce samples with UFG structure 3 billets with a diameter of 20 mm and 2 mm thick are used. The UFG structure is formed via high pressure torsion (HPT). The HPT technique allows forming a nanostructure with non-equilibrium high-angle grain boundaries in the material during high pressure torsion [9] . The samples are processed by HPT via the following regime: 10 rotations with the velocity V = 1 rot/min, pressure Р = 6 GPa, at a temperature of 20 °С. Prior to HPT the samples are water quenched with preliminary dwelling at Т=515 °С for 1 hour. As a result 3 samples with UFG structure with a diameter of 20 mm and 1 mm thick are formed (group 2). Prior to the MAO treatment the samples with UFG structure are stored at -20 ºС to avoid material ageing.
During MAO silicate and alkaline electrolyte on the basis of distilled water is used. The electrolyte composition is 1.5 g/l КОН and 3.5 g/l Na2SiO3. During the processing the ratio between the cathodic and anodic currents is constant Ia/Ik=1. The current density is 6.6…6.9 A/dm 2 . The electrolyte temperature does not exceed 40 о С. The MAO process is performed till the complete end of sparking on the processed surface, and its duration is 180 minutes.
Microstructure
The microstructure of the samples is studied with the help of an optical electron microscope "Olympus GX51" at a magnification of х500. The MAO layer studies, thickness measurement, viewing and imaging of pores are performed by a scanning electron microscope (SEM) « JEOLJSM-6490LV» at a magnification of х500.
The volume fraction of pores is determined by point application of the square mesh on the structure image.
The microhardness of the alloy and MAO-layer is determined on a microhardness measuring device StruersDuramin by the Vickers technique. A load of 100 grams is applied for 10 seconds. The microhardness of the coating is determined across the layer thickness.
Corrosion Resistance Studies
In order to test the corrosion resistance, aggressive solution of the following composition is used (chosen on the basis of recommendations listed in GOST 9.904-82):
-sodium chloride (NaCl) The mass of samples is measured with the help of the electronic scales Mettler Toledo XP26 before and after the tests. The measuring accuracy is up to 2.5 µg.
Results
The structure analysis of the samples of group 1 (АК12Д in the as-received state) demonstrates that the silicon phase is spread non-uniformly in the material structure. Areas enriched with silicon particles are observed. θ-phase (CuAl2) precipitates with the size close to the size of silicon particles are also observed in the structure. The microstructure parameters of the alloy in the initial state are listed in Table 1 (group 1) .
The microstructure of HPT-processed samples (group 2) differs considerably from the structure in the initial state (Fig. 1b) . The silicon particles are distributed uniformly, the average grain size of the Al matrix reduces significantly. The microstructure parameters of the UFG alloy are listed in Table 1 (group 2). As a result of the studies of the images of cross sections with the MAO layer, it is established that the thickness of the oxide layer is non-uniform in both groups. The average thickness value of the MAO layer on the samples of group 1 is h=41±15µm (Fig. 2а) , and on the samples of group 2-h=88±18µm (Fig. 2b) . The results of the porosity study of the MAO layers across the thickness are displayed in Fig. 3 . Despite the difference in the distribution of pores and different thickness of oxide layers, the average porosity value of the coating is the same for both groups (Table 2) . The results of microhardness measurements across the thickness of the MAO-layers are displayed in Fig. 4 . The microhardness distribution is non-uniform through the MAO-layer thickness. The maximum value of the coating microhardness is observed in the samples of group 1 and is 900 HV. The samples of group 2 have the maximum microhardness value of the MAO-layer of 370 HV. The corrosion test results show that the corrosion rate in the samples of group 2 exceeds that in the samples of group 1∼by 10 times ( fig. 5а,b) . a b The summarized results of the studies on the structure and corrosion resistance of the MAO-layers are listed in Table 2 . 
Discussion
The results of the performed studies demonstrate strong impact of the initial microstructure of the alloy on the thickness, porosity, microhardness and corrosion resistance of MAO layers.
It is evident that the UFG structure of the material contributes to formation of MAO-layers with higher thickness but lower microhardness. Such a result can be explained by the fact that after HPT the structure of Al alloy is characterized by a small grain size of the Al matrix and developed dislocation structure. Such a structure contributes to deeper penetration of oxygen atoms/ions in the material of the substrate via intercrystallite defects during MAO, which results in increase of the coating thickness [10] .
The microhardness reduction in the MAO layers after HPT can be explained by the fact that after HPT silicon particles are uniformly located in the base material of the sample. As a result during MAO interaction of Al and oxygen becomes difficult. In those parts where silicon comes out on the surface, coating is not formed or its quality is unsatisfactory -no very hard oxides are formed [11, 12] .
Usually the corrosion resistance directly depends on the coating porosity [13] . However, despite the same average porosity, the MAO layers formed on the samples with UFG structure differ considerably in lower corrosion resistance. By analyzing and comparing the images of polished coatings, one can see that the oxide layers on the UFG samples (Fig. 2b) are characterized by deep cracks passing across the coating. One may assume that these cracks lead to penetration of corrosion-aggressive environment into the sample material and cause active failure of it (Fig. 5b) .
